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FOREWORD 

The following report was originally prepared by P. N. Slater as a 
the Apollo Appli- 

the work is an 

progress report on a Multi-Spectral 

cations Program under NASA contract 

outgrowth from investigations supported by other contract funding at the 

Optical Sciences Laboratory, the report has been adapted as a Technical 

Report for the ioformation of the other sponsors. 

The basic design, following the Meinel-Shack three-mirror arrangement, 

The extreme represents a particularly excellent refinement by R. V. Shack. 

compactness of the design is of benefit to this application, and even 

though the central obscuration is large, the modulation transfer function 

remains satisfactory for the widely-used reconnaissance films. 

--A. B, Meinel 
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INTRODUCTION AND SUMMARY 

This  r e p o r t  covers t h e  progress  made from December 1, 1966, t o  March 1, 

1967, t h e  seventh q u a r t e r  of  t h e  c o n t r a c t  per iod,  on NASA c o n t r a c t  NSR 03- 

002-066. 

This  r e p o r t  d e s c r i b e s  only one p a r t  of  t h e  work c a r r i e d  o u t  dur ing t h e  

q u a r t e r ,  namely t h e  o p t i c a l  des ign o f  t h e  Mult i- Spectra l  Tracking Telescope 

(MSTT). 

period,  but  which are no t  t o  be descr ibed here ,  are as follows: 

(1) The work o f  ca ta log ing  and repor t ing  t h e  r e s u l t s  of ALOTS (Auto- 

Other p a r t s  o f  t h e  p r o j e c t  t h a t  have received a t t e n t i o n  dur ing t h i s  

matic Lightweight Opt ica l  Tracking System) photography w a s  completed and a 

r e p o r t  w a s  w r i t t e n  e n t i t l e d  "Summary Report on Photography Obtained With 

ALOTS i n  Support of  t h e  Ear th  Resources A i r c r a f t  Program." 

t r i b u t e d  t o  those  d i r e c t l y  concerned. 

raphy w i l l  be deposi ted  a t  t h e  Data Bank NASA/MSC Houston, as w i l l  a d d i t i o n a l  

copies  of t h e  r e p o r t .  

Copies were d i s -  

The f i l m  obta ined from ALOTS photog- 

(2) Tolerance analyses  are being computed f o r  t h e  MSTT o p t i c a l  design. 

The e f f e c t  on image q u a l i t y  of e r r o r s  due t o  defocusing,  and component t i l t  

and decenter ing are being considered i n  d e t a i l .  

(3) Experiments have been i n i t i a t e d  t o  test  t h e  f e a s i b i l i t y  of  obta in-  

ing high- resolut ion aer ia l  photographs us ing a Questar  telescope-camera 

mounted i n  a F a i r c h i l d- H i l l e r  Hel i -Por ter  a i r c r a f t .  

( 4 )  The f e a s i b i l i t y  of  including a Questar  telescope-camera i n  an  e a r l y  

Apollo mission is  being u rgen t ly  inves t iga ted .  

s u b j e c t  w i l l  a w a i t  t h e  r e s u l t s  of forthcoming a i r c r a f t  experiments (3 ,  above) 

A recommendation on t h i s  

and f u r t h e r  information on t h e  r e s u l t s  of  Questar  photography from t h e  Gemini 

V mission.  



(5) The need f o r  a n  a s t r o n a u t  t o  assist i n  t h e  opera t ion  o f  an  Ear th  

o r b i t a l  MSTT experiment i s  being inves t iga ted .  The d e f i n i t i o n  and evalua- 

t i o n  of  t h e  r o l e  of  t h e  a s t r o n a u t ,  and t h e  cons idera t ion  of  t h e  t r ade- of f s  

between t h e  degree of a s t r o n a u t  p a r t i c i p a t i o n  and t h e  complexity of support  

equipment, make t h i s  a d i f f i c u l t  problem. 

some e x t e n t  considered t h i s  problem previously  are being consulted.  

Several  groups which have t o  

(6) A proposal  was  submitted t o  NASA/MSC on January 9 e n t i t l e d  "System 

Study of  Mul t i- Spectra l  Tracking Telescope (MSTT) f o r  Remote Sensing of t h e  

Ear th  from Ear th  Orbit ."  Approval of t h i s  proposal  w i l l  a l low t h e  Univer- 

s i t y  of Arizona (working i n  conjunction wi th  NASA/MSC), t o  l e t  and monitor 

a subcontract  f o r  such a system study.  
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OPTICAL DESIGN OF THE MULTI-SPECTRAL TRACKING TELESCOPE (MSTT) 

I n  s e t t i n g  a design goa l  f o r  t h e  MSTT, i t  w a s  decided t h a t  considerable  

emphasis should be placed on designing as f a s t  a system as p o s s i b l e  t o  re- 

duce t h e  problem of compensating f o r  image motion. The o p t i c a l  system was  

t o  be a l l - r e f l e c t i n g ,  and predesign work suggested t h a t ,  t o  meet a l l  t h e  

performance requirements,  it should be designed t o  opera te  a t  F/5 (T/7) o r  

F/6 (T/8.4) wi th  a s t a t i c  angular  r e s o l u t i o n  of  0.8 arc seconds over  a 1.5O 

t o t a l  f i e l d  o f  view. This ,  then,  was  t h e  goal  f o r  t h e  o p t i c a l  des ign study.  

Happily, t h i s  des ign goal  has been n o t  only  m e t  but  surpassed by a sub- 

s t a n t i a l  margin. 

from modif ica t ions  t o  a new and unconventional three-mirror  des ign f i r s t  in-  

The high performance p o t e n t i a l  of t h e  f i n a l  des ign r e s u l t e d  

v e s t i g a t e d  by R. V. Shack and A. B. Meinel.* 

f r a c t i o n- l i m i t e d  w i t h  a n  angular  r e s o l u t i o n  of 0.2 arc seconds over i t s  

e n t i r e  1.75' f i e l d .  This high performance has come as a s u r p r i s e  t o  those  

concerned w i t h  t h e  program, as it f a r  exceeds t h a t  o f  p r e s e n t l y  known sys- 

t e m s  of  s i m i l a r  s i z e .  

System parameters 

B r i e f l y ,  t h e  system i s  d i f -  

Some o f  t h e  system parameters are as follows: 

(1) A l l- r e f l e c t i n g ,  b a s i c  three-mirror  system w i t h  a f o u r t h  fo ld ing  

mirror .  Image formed by one concave asphere ,  one plane asphere,  and one 

convex asphere.  

(2) F u l l  a p e r t u r e  25 inches ( a x i a l  a p e r t u r e  24 inches) .  

(3)  Effective f o c a l  l eng th  96 inches.  

(4) Obscuration r a t i o  62% (about 38% of l i g h t  l o s t  due t o  c e n t r a l  ob- 

s c u r a t i o n ) .  

* 
"A three-mirror  f l a t - f i e l d  photographic object ive"  (abs t r . ) ,  J. Opt. SOC. 

Am. 56(4):545, 1966. 
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(5) Overall b a r r e l  l eng th  55 inches.  

(6) S ix  image planes  s i t u a t e d  around t e lescope  b a r r e l .  

(7) Stepped p lane  mi r ro r  a t  45" t o  axis d i r e c t s  t h e  image s e q u e n t i a l l y  

onto t h e  s ix  image planes .  

(8) Each f i l m  p lane  has a 400-foot capac i ty  f o r  70 mm fi lm. 

(9) Each f i l m  p lane  can con ta in  a d i f f e r e n t  f i l m l f i l t e r  combination, 

and one o r  more can be used as t h e  ent rance  p o r t s  f o r  compact spectrometers 

and/or radiometers.  

(10) The mi r ro rs  can be coated e f f i c i e n t l y  t o  r e f l e c t  r a d i a t i o n  from 

t h e  near  UV (0.3 micron) t o  t h e  middle I R  (30 microns). (This range can be 

extended s u b s t a n t i a l l y  i f  necessary.)  

(11) The l o c a t i o n  of t h e  image planes  around t h e  b a r r e l  and toward t h e  

f r o n t  of  t h e  b a r r e l  s i m p l i f i e s  t h e  problem of  f i l m  recovery dur ing extra- 

v e h i c u l a r  a c t i v i t y .  

O p t i c a l  performance 

The o p t i c a l  performance of t h e  MSTT design can be summarized as follows: 

(1) Focal r a t i o :  F/4 

(2) Speed: T/5.6 

(3) Dif f rac t ion- l imi ted  imagery over  t h e  e n t i r e  1.75' f i e l d  f o r  wave- 

lengths  g r e a t e r  than 1000 A. A t  5000 A t h e  angular  r e s o l u t i o n  of  t h e  tele- 

scope o p t i c s  a lone  is 0.2 arc sec. 

(4) F l a t  f i e l d  . 
(5) Zero chromatic a b e r r a t i o n  and chromatic f o c a l  s h i f t .  

(6) I n  t h e  o rder  of  100 lines/mm imagery should be ob ta inab le  o f  low- 

c o n t r a s t  scenes (1.6:l)  over  t h e  e n t i r e  70 rcim image format of  high- 

resolving-power f i lm.  
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(7) D i s t o r t i o n  about 1.2 arc sec o r  0.04% a t  edge of f i e l d .  

(8) Vignet t ing causes n e g l i g i b l e  reduc t ion  i n  f l u x  a t  f u l l  f i e l d .  

E f f e c t s  o f  c e n t r a l  obscura t ion  

The c e n t r a l  obscurat ion of  about 15 inches i n  diameter (62% of  o v e r a l l  

area) c o n t r i b u t e s  l a r g e l y  t o  reducing t h e  speed of  t h e  system t o  T1’5.6. 

The obscurat ion i s ,  o f  course,  inheren t  i n  t h e  des ign,  and i t s  s i z e  is  

mainly a consequence of  t h e  l a r g e  image c lea rance  ( required t o  f o l d  t h e  

image t o  o u t s i d e  t h e  b a r r e l ) ,  t h e  requ i red  f i e l d  s i z e ,  the  problem of baf-  

f l i n g  s t r a y  l i g h t  from e n t e r i n g  t h e  image plane (a t  t h e  same t i m e  keeping 

t h e  b a r r e l  s h o r t ) ,  and t h e  d e s i r a b i l i t y  o f  minimizing v i g n e t t i n g .  

The c e n t r a l  obscurat ion does reduce t h e  frequency response (compared t o  

an  i d e n t i c a l  d i f f r a c t i o n- l i m i t e d  system without  obscurat ion)  a t  high s p a t i a l  

f requencies .  In  f a c t ,  t h e  comparison curves (Fig. 1) show t h a t ,  i n  terms 

of frequency response, t h e  system opera tes  approximately l i k e  a d i f f r a c t i o n-  

l imi ted  F/9 system wi th  no obscuration.  This seems t o  be t h e  only  pena l ty  

paid  i n  us ing  t h i s  design.  But i t  must be pointed o u t  t h a t  no o t h e r  a l l -  

r e f l e c t i n g  system has  been designed which approaches t h e  performance of t h i s  

one even when opera t ing  a t  a speed o f  F/9. 

The c e n t r a l  obscura t ion  does have some advantages. For example, a l -  

though t h i s  is a compact d i f f r a c t i o n- l i m i t e d  F/4 system opera t ing  w i t h  a 

speed of  T/5.6, the  to le rance  on depth of  focus i s  re laxed .to about t h a t  of  

an  F/12 system. This means t h a t  mechanical- s t ructura l  deformations are more 

t o l e r a b l e  than would be t h e  case i f  t h e  image were formed by a d i f f r a c t i o n-  

l imi ted  s o l i d  F/4 cone. Other advantages of  t h e  obscura t ion  are t h a t  i t  

allows space f o r  the  motorized s tepping mi r ro r  and it reduces t h e  b a r r e l  

l eng th  requ i red  f o r  b a f f l i n g  s t r a y  l i g h t .  
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Performance-degrading f a c t o r s  

It should be noted t h a t  t h e  performance f i g u r e s  l i s t e d  above are der ived 

from computer c a l c u l a t i o n s .  Several  f a c t o r s  inheren t  i n  cons t ruc t ion  and 

opera t ion  of  t h e  a c t u a l  instrument w i l l  s e rve  t o  degrade t h i s  t h e o r e t i c a l  

performance. These are as follows: 

(1) Fabr ica t ion  and alignment of  t h e  system. 

(2) I n t r o d u c t i o n  of  support  s p i d e r s  f o r  t h e  secondary mi r ro r  and 
mi r ro r  mo t o r .  

(3) Atmospheric turbulence.  

(4) Vibra t ion  dur ing operat ion.  

(5) S t r u c t u r a l  and component thermal deformation. 

(6) Inadequate image motion compensation. 

Taking i n t o  account a l l  t h e s e  f a c t o r s  p l u s  t h e  f i l m  response, a reason- 

a b l e  estimate i s  t h a t  t h i s  system i n  o r b i t  should y i e l d  an angular  r e s o l u t i o n  

i n  t h e  o r d e r  o f  1 arc second. For low-contrast  o b j e c t s ,  t h e  ground resolu-  

t i o n  should t h e r e f o r e  be of  t h e  o r d e r  of  1 meter from a n  o r b i t a l  a l t i t u d e  of  

200 km when t h e  image i s  recorded on high-resolving-power black-and-white 

f i lm. For r e l a t i v e l y  high- contras t  o b j e c t s ,  p a r t i c u l a r l y  those  w i t h  clear 

demarcations, such as some types o f  v e h i c l e s  and bu i ld ings  and o t h e r  man- 

made o b j e c t s ,  t h e  r e s o l u t i o n  may be as high as 1 /2  t o  1/4 meter. With lower 

r e s o l u t i o n  f i l m ,  such as c o l o r  f i l m  o r  f a s t  black-and-white f i l m  used wi th  

a f i l t e r ,  t h e  ground r e s o l u t i o n  w i l l  be worse bu t  should s t i l l  be  adequate 

t o  r e s o l v e  c l e a r l y  a medium-sized family res idence.  

O f  t h e  s ix  image-degrading f a c t o r s  l i s t e d  above, t h e  one causing the  

most concern a t  p resen t  i s  No.  6, t h e  problem of  inadequate image motion 

compensation. It was  because of t h i s  problem t h a t  every e f f o r t  w a s  made i n  

t h e  o p t i c a l  des ign t o  produce a system t h a t  would be as f a s t  as poss ib le .  
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The f i n a l  des ign,  which opera tes  a t  T/5.6, has s i g n i f i c a n t l y  surpassed our 

earl ier  expecta t ions  and w i l l  a l low f o r  exposure t i m e s  i n  t h e  o rde r  of 1/250 

second on slow, high-resolving-power, black-and-white f i l m  (SO-226). The 

advantages of a s h o r t  exposure t i m e  are t h a t  it relaxes t h e  to le rance  on t h e  

accuracy of image motion compensation and i t  reduces any image b l u r r i n g  ef-  

f e c t s  due t o  low frequency v ibra t ions .*  It t u r n s  ou t  t h a t ,  i n  gimball ing a 

t e l e scope  of  t h e  s i z e  under cons ide ra t ion  t o  accura te ly  t r a c k  a ground tar-  

g e t ,  t h e  problem i s  n o t  p r imar i ly  one of r e a l i z i n g  t h e  te lescope s l e w  r a t e  

wi th  s u f f i c i e n t  accuracy but  one of minimizing low-frequency v i b r a t i o n  i n  

t h e  gimbal d r ives .  

tem of t h e  mass and i n e r t i a  of the  one considered here ,  the  servo j i t t e r  

The l a t t e r  could be termed "servo jitter." With a sys-  

f a l l s  mainly i n  the  frequency range 0 t o  100 cps and can be of  q u i t e  l a r g e  

amplitude. Beyond t h i s  frequency range, however, the  j i t t e r  damps out  

f a i r l y  r ap id ly .  

s i g n  compared t o ,  say, a T/10 design.  

I l l u s t r a t i o n s  

Thus t h e r e  i s  a very  real advantage i n  using a Tl5.6 de- 

Figs. 1 through 4 on t h e  fol lowing pages are l a r g e l y  se l f- explanatory .  
3 

Some a d d i t i o n a l  comments, however, should be made wi th  r e fe rence  t o  Fig. 

Each o f f - a x i s  s p o t  diagram con ta ins  104 spots .  Thus it can be seen imme- 

d i a t e l y  t h a t  t h e  heavy nucleus of  spo t s  i n  each diagram i s  contained wi th in  

a c i r c l e  of about 1 micron diameter,  even i n  t h e  wors t  case  (53' o f f  axis). 

The areas of  low spo t  d e n s i t y  i n  each diagram can be ignored i n  comparing 

t h e  spot  diagram s i z e  t o  t h e  r e fe rence  c i r c l e s  on the  l e f t  of the  f i g u r e .  

* 
R. V. Shack, "The in f luence  of image motion and s h u t t e r  ope ra t ion  on the  

photographic t r a n s f e r  funct ion ,"  Appl. Optics  3J10):1171-1181, 1964. 
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FUTURE WORK 

The next  phase o f  t h e  work, which i s  l i k e l y  t o  t ake  s e v e r a l  months t o  

complete, w i l l  be concerned wi th  a d e t a i l e d  to le rance  a n a l y s i s  o f  the  system. 

It w i l l  ana lyze  t h e  e f f e c t  o f  component tilt and decenter ing  on t h e  perform- 

ance of  t h e  system. As cri teria,  we  w i l l  probably determine what combina- 

t i o n s  of  to le rances  s t i l l  provide d i f f r a c t i o n- l i m i t e d  imagery. I f  these  

to le rances  appear t o  be severe, t h e  next  s t e p  w i l l  be t o  redetermine t h e  

to le rances  f o r  a performance 1.5 o r  2 times worse than d i f f r a c t i o n- l i m i t e d  

performance. Las t ly ,  s p e c i f i c a t i o n s  and to le rances  w i l l  be drawn up f o r  

o p t i c a l l y  t e s t i n g  t h e  f i g u r i n g  of the  components, and any requi red  s p e c i a l  

o p t i c a l  equipment w i l l  be designed. 
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